1. Life of many organisms flows as a sequence of annual cycles. Timing of cyclical events is shaped by natural selection also via the domino effects that any life history stage has on the stages that follow. Such 'carry-over effects' have major consequences for evolutionary, ecological and demographic processes, but the causes that generate their individual-level variation, including the effect of sex, are poorly understood. 2. We used light-level geolocators to study carry-over effects on the year-round life cycle of the long-distance migratory barn swallow (Hirundo rustica) and sex-dependent variation in their strength. 3. Correlation analyses showed that timing of breeding influenced departure time for autumn migration in females but not in males. In addition, strong, time-mediated carry-over effects of timing of departure from the wintering areas in sub-Saharan Africa for spring migration on timing of arrival to the breeding grounds in Italy and Switzerland operated in both sexes. However, carry-over effects of spring migration phenology on breeding date and seasonal fecundity were observed among females but not among males. 4. We used partial least squares path modelling to unveil the complex carry-over effects of phenology during the non-breeding season in combination with the ecological conditions experienced by individual swallows in the wintering area, as gauged by Normalized Difference Vegetation Index values (NDVI), on breeding performance. Phenology during the non-breeding season combined with NDVI during wintering accounted for as much as 65-70% of variation in subsequent seasonal fecundity in females, while such carry-over effects on breeding success of males were weaker. 5. Intense, sex-specific carry-over effects can have impacted on evolutionary processes, including sexual selection, and affected phenological response to climate change, causing the large population decline observed in this species.
Introduction
Multa videmus enim, certo quae tempore fiunt omnibus in rebus. Florescunt tempore certo arbusta et certo dimittunt tempore florem (For we see many events, which come to pass at a fixed time in all things. Trees blossom at a fixed time, and at a fixed time lose their flower) (Lucretius Carus 1910) . More than 2000 years ago, Titus Lucretius Carus already had a firm grasp of the cyclical nature of life of many organisms, and that specific functions are associated with the different stages of the cycle. In fact, we know that each of the main life-history stages, like reproduction and migration, typically involves a unique set of behavioural and physiological functions. Because of reciprocally constraining relationships, whereby allocation of time and energy has to be traded among competing functions (Zera & Harshman 2001) , individual decisions at any stage of the annual life cycle can have 'carry-over' consequences for timing and performance at subsequent stages (Harrison et al. 2011 ). An individual's history and experience of extrinsic conditions during any stage of its life thus has the potential to concur in determining its current performance (O'Connor et al. 2014) . Such carryover effects (COEs) can be initiated already during development and have delayed consequences on individual fitness traits that extend into adulthood. For example, in black-tailed godwits (Limosa limosa islandica), the temporal organization of an individual's annual routine is believed to become canalized already early in life because early hatching date facilitates early offspring arrival from spring migration in the subsequent year (Gill et al. 2013) . COEs that are initiated early in life tend to be irreversible, implying that they will permanently influence fitness throughout an individual's life (Senner, Conklin & Piersma 2015) . On the other hand, COEs that are initiated in adulthood, typically in iteroparous species can affect traits that are involved in cyclical life-history events (e.g. reproduction an migration). Under such circumstances, reversible state effects (sensu Senner, Conklin & Piersma 2015) may arise, whereby an individual's experience of environmental conditions initiates a COE on fitness traits but such effect is reversible and can be dissipated or even reversed at later stages, causing an interruption in the cascade of COEs.
The consequences of COEs, particularly those that are initiated in adulthood, on life-history evolution have been predicted theoretically (Norris 2005; Ratikainen et al. 2008) , and demonstrated empirically in several studies (Saino et al. 2004a,b; Legagneux et al. 2012; Senner et al. 2014) . However, which mechanisms generate variation in COEs among individuals, including sex effects, and the consequences of COEs at the individual level are largely unresolved questions (Harrison et al. 2011; Marra et al. 2015 ). Yet, understanding how timing of life stages influences subsequent performance is fundamental for studies of life-history evolution and also for the dissection of the links between ecological conditions, population dynamics and conservation (Runge & Marra 2005; Sedinger et al. 2011) .
One potentially major, largely neglected source of variation in COEs is sex. Sex-dependent COEs may arise because the different roles of males and females in reproduction and sexual selection can cause different energy or time constraints on annual routines. Sex-dependent variation can occur in physiological and morphological traits that influence performance at specific activities (e.g., speed of migration in birds). Moreover, males and females can partly segregate during wintering (Newton 2008) , resulting in different length of migration journeys. The few studies reporting sex-specific information for migratory birds have been mostly based on isotopic plumage signatures to investigate COEs of the wintering habitat on breeding. For example, in American redstarts (Setophaga ruticilla), wintering habitat quality predicted breeding success of both males and females, although with differences in the causal pathways mediated by arrival date (Norris et al. 2004) . Manipulation of breeding effort resulted in reduced chances of long-distance migration in males of a seabird (Catry et al. 2013) . In addition, in barn swallows (Hirundo rustica), faster plumage growth during the winter moult predicted breeding success in males but not in females . Sex-dependence entails an additional level of complexity in COEs because, by acting differentially on either sex, COEs can have major consequences for population-level dynamics and sexual selection (Møller & Sz ep 2005; Reudink et al. 2009 ). This is expected because COEs can produce sex-dependent shifts in the timing of appearance at the breeding sites, for example by altering arrival time from migration and thus the population operational sex ratio (Spottiswoode & Saino 2010) .
To the best of our knowledge, however, no study has explicitly tested for differences in the strength of yearround, time-mediated COEs between males and females. Here, we analyse sex-dependent variation in year-round COEs in a passerine bird, the barn swallow, using lightlevel geolocators (Stutchbury et al. 2008; Bridge et al. 2011) . Barn swallows breeding in Europe are long-distance migrants that winter in sub-Saharan Africa. They have very long breeding seasons (March-August in southern Europe) (Cramp 1998; Turner 2006) . Most barn swallows undergo their annual moult during wintering (Jenni & Winkler 1994) . Individuals take up to 4Á5 months to complete moult, and the moult period encompasses a large fraction (86%) of the wintering period (Altwegg et al. 2012; Saino et al. 2015) . Prolonged breeding and wintering seasons suggest that barn swallows have tight annual routines, making accumulation of COEs likely.
We deployed geolocators on adults breeding in Northern Italy and Southern Switzerland (Liechti et al. 2015) to obtain information on phenological events from one breeding season to the next, and analysed sex-specific temporal COEs of migration phenology. At the population level, ecological conditions during wintering predict annual variation in breeding performance in our study species (Saino et al. 2004a) as well as in other birds (Marra, Hobson & Holmes 1998; Norris et al. 2004; Studds & Marra 2011) . In modelling time-dependent COEs, we therefore also accounted for ecological conditions in sub-Saharan wintering areas. As a proxy of wintering ecological conditions, we used an index of vegetation vigour (NDVI), assuming that productivity of the swallow insect prey is determined by primary production (Pettorelli et al. 2011; Hobson et al. 2012; Trierweiler et al. 2013; McKinnon, Stanley & Stutchbury 2015) .
We generally expected that the dates of the phenological events were positively correlated, and that COEs were particularly strong during spring migration period, because Afro-Palearctic migratory birds are constrained in their timing of spring arrival by migration schedules (Møller, Fiedler & Berthold 2010) . Unequivocal predictions on the direction of any difference in COEs between the sexes are difficult to formulate because sex differences may depend on several factors, such as ecology, reproductive behaviour (e.g. sex role in parental care) and socio-sexual system (Drake et al. 2013) . However, we expected stronger COEs of breeding date on time of departure from the breeding site in females, because of their larger investment in reproduction. We had no explicit predictions on time-mediated COEs during wintering, because males and females do not differ in time schedules of plumage moult during wintering (Saino et al. 2013) . Stronger COEs of spring migration phenology on breeding performance (timing and seasonal reproductive success) were expected on females, if these experience stronger time and energy constraints on breeding due to demanding spring migration activities. In addition, females may have larger control on timing of laying compared to males (Ball & Ketterson 2008) , leading to expect that stronger COEs may be apparent in females.
Materials and methods

natural history of the model species
The barn swallow is a cosmopolitan, small (c. 20 g) passerine bird (see Møller 1994; Cramp 1998; Turner 2006) . Most of its geographical populations migrate over long, intercontinental distances. Arrival date is slightly protandrous (Saino et al. 2004b) . Barn swallows are aerially insectivorous, semicolonial and socially monogamous, and breed almost exclusively in rural buildings like cowsheds and stables. Social breeding pairs have up to three clutches of one to seven eggs each per breeding season. Eggs hatch after 2 weeks of incubation and offspring fledge c. 20 days after hatching. In the Palearctic Region, females alone incubate the eggs while both social parents attend the dependent offspring until c. 1 week after fledging. Western Palearctic populations almost exclusively winter south of the Sahara Desert, with strong migratory connectivity (Ambrosini, Møller & Saino 2009 ). The single annual moult of the plumage occurs during wintering for the vast majority of the individuals. In southern Europe, including our study area, breeding dispersal is extremely low, implying that adults that survive migration return to the same building to breed in consecutive years. Annual survival is low (c. 35-40%) and life-expectancy at 1 year of age is 1Á5 years (see Møller 1994; Cramp 1998; Turner 2006 for the above general information on the natural history of the species).
field procedures
We studied barn swallows at a total of 29 breeding colonies (= farms) in one area located in southern Switzerland (46°09 0 N, 8°55 0 E) and two areas located in northern Italy (45°33 0 N, 8°4 (Scandolara et al. 2014a; Liechti et al. 2015) , over 3 years (2010) (2011) (2012) . In all study years, the breeding adults were captured, subjected to standard morphological measurements, and individually marked with numbered metal and colour rings. The composition of the breeding pairs that were the focus of the study was identified by direct observation of individuals at the nest, and breeding events were monitored to record breeding date (= Julian date of laying of the first egg in the clutch), clutch size (number of eggs at clutch completion), and number of breeding events (ranging from one to three per breeding season between March and August). Laying date of the first clutch was chosen as the best proxy for seasonal timing of start of breeding ('breeding date'). Breeding date is an important component of fitness because it strongly predicts the chances that an individual will have a second and a third brood (Møller 1994) . In addition, offspring quality declines during the breeding season, implying that early breeding has a positive effect on parental fitness that is additive to that of seasonal fecundity (Møller 1994) . Total number of eggs laid by a female or, for males, by their social female mate was computed as the sum of the size of the clutches of an individual in a particular year and was chosen as the best proxy for seasonal fecundity. This was decided because nestling mortality is typically very low in our study areas (<5% of the nestlings in broods that produce any nestlings) and hatching failure rate is also low (7-10%) (N. Saino and C. Scandolara, pers. obs. on the focal study population; see also Møller 1994; Turner 2006) . Hence, clutch size strongly positively predicts seasonal breeding success. Only breeding individuals were considered. Full details of the geolocator features and deployment procedures can be found in our previous studies (Scandolara et al. 2014a; Liechti et al. 2015) . In late June-July 2010-2011, lightlevel geolocators (SOI-GDL2.10; SOI-GDL2.11) were fitted using a leg-loop harness (Scandolara et al. 2014a; Liechti et al. 2015) . Geolocators were removed upon first capture of the individuals returning from migration in the year (2011 or 2012) immediately following that of geolocator deployment. Here, the year of geolocator deployment is referred to as year i and the year of geolocator recovery as year i + 1.
Thus, information on breeding phenology and success was summarized by the following variables:
Breeding date in year i or year i + 1: The Julian date of laying of the first egg of the first clutch of individual females (or of the social female mate of individual males) in the breeding season when the geolocator was deployed (year i) or was recovered (year i + 1). Seasonal number of eggs in year i + 1: The total number of eggs laid by individual females in their clutches (or by the social female mate of individual males) in the breeding season when the geolocator was recovered. Replacement clutches that were laid because of loss of the entire clutch before hatching were disregarded. Broodedness in year i or year i + 1: The number of clutches laid by individual females (or by the social female mate of individual males). Replacement clutches that were laid because of loss of the entire clutch before hatching were disregarded.
Seasonal number of eggs and broodedness will be collectively referred to as 'Fecundity'.
phenological variables
Light data recorded by light-level geolocators were processed according to the procedures reported in a previous study (Liechti et al. 2015) to extract the information on phenological events and the location of individual wintering range. We therefore defined the following phenological and wintering location variables: Departure date from the breeding site in year i: The Julian date when the individual left its breeding colony in year i; Arrival date to the wintering area: The Julian date of start of the (first) 'stationary period' (Liechti et al. 2015) in the wintering range south of the Sahara Desert; Departure date from the wintering area: The Julian date of the end of the (last) 'stationary period' in the wintering range south of the Sahara Desert; Arrival date to the breeding site in year i + 1: The Julian date of arrival to the breeding colony in year i + 1 when the geolocator was recovered.
Arrival date information was extracted from light information in a consistent way across all individuals based on when an individual appeared to start visiting dark rooms in rural buildings during daytime, independently of any information on breeding date (Liechti et al. 2015) . Arrival date is also an important component of reproduction because it affects local competition for mates and also sperm competition. Together with breeding date, arrival date to the breeding site was therefore considered as a component of 'breeding earliness'. 'Fecundity' and 'breeding earliness' will be collectively defined as 'breeding performance'. Departure date from the breeding site and arrival and departure date from the wintering area will be collectively defined as 'nonbreeding phenology'.
ecological variables
We used the Normalized Difference Vegetation Index (http://neo. sci.gsfc.nasa.gov/) as a proxy for ecological conditions in an area 200 km in radius where individual swallows stationed during winter. We considered the monthly (October-March) value of NDVI averaged across all 0Á25°9 0Á25°cells within 200 km of the centre of the individual wintering range. The size of the area was chosen because barn swallows, which are aerially insectivorous birds that rely on active pursuit of their prey, can move considerable distances during their daily foraging trips (N. Saino, pers. obs.), and also to allow for uncertainty associated with estimates of wintering location from geolocator data. Hence, six NDVI values were associated with each individual, one for each month in the wintering period. Because the correlation coefficients between NDVI values computed over a radius of 200 km or, respectively, within a radius of 100 km of the centre of the wintering area within each month (October-March) were invariably larger than 0Á984, we are confident that arbitrariness in the choice of the radius to estimate vegetation greenness did not markedly influence our conclusions. In addition, estimates of the effects of NDVI on phenology and reproduction are likely to be conservative because any inaccuracy in identifying the relevant wintering area is likely to produce 'white' noise in the data and not to produce any systematic bias. In addition, we considered the latitude of the wintering site as a proxy for all ecological factors that may vary with latitude and are not accounted for by NDVI. NDVI and wintering latitude will be defined as 'wintering ecological' variables. Longitude was not considered because, given the location of the wintering range of individual swallows and the shape of the African Continent, it was highly collinear with latitude (Liechti et al. 2015) .
statistical analyses
We relied on bivariate parametric (Pearson product moment correlation coefficient) and nonparametric (Spearman q; analyses of broodedness only) correlation analyses to investigate the associations among breeding performance, phenological and ecological variables. To account for the inflation of the risk of type I statistical errors due to multiple testing for either sex, P-values of individual tests were corrected using the False Discovery Rate procedure (Benjamini & Hochberg 1995) as implemented by the p.adjust procedure in R. We tested for sex-dependence in these associations by comparing the within-sex correlation coefficients (by Z tests) rather than in linear models testing for a sex by covariate interaction effect. This was decided because we were interested in testing the difference in the strength of the pairwise association between variables between males and females, rather than the difference in the slope of the within-sex relationships.
To summarize the complex associations among phenological or wintering ecological variables and breeding performance variables, we used partial least squares path modelling (PLS-PM). PLS-PM is a statistical technique related to structural equation modelling (SEM) for studying complex multivariate relationships among groups of observed ('indicators') and latent ('constructs') variables (Sanchez 2013; Hair et al. 2014) . Constructs correspond to composite, hypothetical variables that cannot be measured directly but, for theoretical reasons, can be assumed either to be reflected ('reflective indicators') or to be caused ('formative indicators') by their associated indicator variables. Full PLS-PM thus consist of two parts: the 'structural' model consists of the causal relationships between constructs, whereas the 'outer' model refers to the relationships between each construct and its indicators.
We used PLS-PM to analyse causation of two independent constructs, that is, 'wintering ecology' and 'non-breeding phenology' (see above), on one/two (depending on the specific model) dependent 'breeding performance' constructs, that is, 'breeding earliness' and 'fecundity'. We designed five models (ESM Figure S1 , Supporting Information) that differed for their structural and/or outer parts, while considering the indicator variables always in a reflective mode (Sanchez 2013; Hair et al. 2014) . Coherence of constructs was assessed by unidimensionality tests (Dillon-Goldstein's q), by checking the loadings of the manifest variables on the relevant construct and their confidence limits, and the cross-loadings on other constructs, as suggested by Sanchez (2013) .
Bootstrap analysis was used to estimate confidence intervals of the loadings of the indicators on the constructs. Ninety-five per cent confidence intervals that did not encompass 0 were considered to imply statistical significance of the contribution of the indicator to the construct. The relative fit of the models was assessed by comparing the Goodness-of-fit statistics, which reflect the fit of the PLS-PM to the data (Sanchez 2013) .
Importantly, to ensure consistency of the sign of the loadings across manifest variables of individual constructs (Sanchez 2013) , for the purposes of PLS Path modelling wintering latitude and breeding date in year i + 1 were multiplied by À1 before running PLS-PM analysis. Thus, increasing values of wintering latitude indicate increasing southernness of the wintering range, while increasing values of breeding date in year i + 1 in fact reflect increasing 'earliness'.
Statistical analyses were run in R 3.2.3, using the plspm routine (Sanchez 2013).
Results
carry-over effects between phenological events
Female barn swallows that had a late start of breeding in the year when they were equipped with a geolocator ('year i') left their breeding site later than those that started breeding relatively early, as predicted, whereas the relationship between breeding date and date of departure was weaker and statistically non-significant in males (Table 1) . The effect of breeding date on departure date in females was not mediated by number of broods, because departure date was weakly and negatively correlated with broodedness (Spearman correlation analysis: q = À0Á202, n = 30, P = 0Á285).
In both sexes, date of departure from the breeding site did not predict arrival date to the wintering area, which, in turn, did not predict date of departure from the wintering area for spring migration (Table 1) . Hence, COEs on timing of autumn migration and wintering were weak, as expected. On the other hand, COEs were strong during spring migration. Both males and females that departed late from the wintering area arrived late to their breeding site in Europe (Table 1) . Importantly, the strength of the effect of date of departure from the wintering area and arrival to the breeding site on subsequent breeding performance differed between the sexes. In females, later departure from the wintering area translated into later onset of breeding and smaller seasonal fecundity, whereas in males these relationships were statistically non-significant and significantly weaker compared to females (Table 1 ; Table 1 . Pearson correlation coefficients (first row of each cell) between breeding performance and phenological variables in females and males. In order to reduce the number of tests, we only analysed specific, focal relationship. To account for inflation of the risk of type I statistical errors due to multiple testing, 'raw' P-values (second row of each cell) are adjusted according to the false discovery rate procedure. Statistically significant correlation coefficients after controlling for false discovery rate are bolded. Asterisks indicate that the correlation coefficients were significantly different in females compared to males at Z tests. We used the maximum sample size (third row) available for individual pairwise correlations Fig. 1 ). The statistically significant positive effect of early arrival at the breeding site on seasonal fecundity of females was partly mediated by the seasonal number of broods, because arrival date was negatively correlated with number of broods (Spearman correlation; q = À0Á570, n = 17, P = 0Á017), which strongly positively predicted seasonal fecundity (q = 0Á729, n = 28, P < 0Á001). Early breeding enhanced seasonal fecundity of both sexes, as shown by the large negative correlation between laying date of first clutches and seasonal number of eggs (Table 1) . In summary, COEs of wintering on spring migration phenological events occurred in both sexes, but COEs of spring migration phenology on breeding date and seasonal fecundity were observed only among females, again as expected.
In principle, stronger COEs in females might be the result of geolocator deployment, if carrying a geolocator has larger impact on performance and behaviour of females (see Scandolara et al. 2014a) . We scrutinized our data to explore if geolocator deployment had a confounding effect in females. To this goal, we compared COEs observed in females in either study years, because an impact of geolocators in terms of delayed breeding date and reduced fecundity was observed for females that were equipped with a geolocator in 2010 but not in 2011 (Scandolara et al. 2014a). If COEs are boosted by geolocator deployment, stronger COEs should therefore be expected for the females that were equipped in 2010. However, the COE of departure date from the wintering area on arrival to the breeding site (2010: r = 0Á830, n = 12; 2011: r = 0Á633, n = 9), breeding date (2010: r = 0Á776, n = 12; 2011: r = 0Á902, n = 6) and seasonal fecundity (2010: r = À0Á690, n = 12; 2011: r = À0Á618, n = 6) were invariably consistent in sign in either year and reflected 'large' effect sizes (see Cohen 1988 ) (see Figure S2 ). Correlation coefficients between breeding date and arrival date to the breeding site or seasonal fecundity were also consistent in sign and 'large' in both years (unsigned r always >0Á48). The only notable discrepancy between years was found for the correlation between breeding date in year i and departure date from the breeding site in year i, that was large and positive in 2010 (r = 0Á502, n = 23) and small and negative (r = À0Á296, n = 5) in 2011, largely due to a single-brooded female that had a very late breeding attempt.
Finally, among females but not males we found a strong positive correlation between breeding dates in year i and year i + 1 (Table 1) .
effects of ndvi during wintering on spring phenology and breeding
In barn swallows, inter-annual variation in populationlevel mean seasonal reproductive success is predicted by ecological conditions during wintering in the sub-Saharan wintering region, as reflected by NDVI values (Saino et al. 2004a) . We tested if this relationship also held at the individual level by analysing the correlation between monthly NDVI values in the wintering area of individual swallows and their breeding performance in year i + 1. Contrary to the expectation, there were no significant bivariate associations between phenological or breeding performance variables and NDVI or latitude of the wintering area (ESM ,  Table S1 ). Correlation analyses within each of the two study years and sex generally showed weak, statistically non-significant relationships between monthly NDVI (6 winter months) and phenological (departure from the wintering area, arrival to the breeding site) or breeding performance (breeding date, seasonal number of eggs) variables. In fact, only two out of 96 (2 sexes 9 2 years 9 4 Table S1 ). [Colour figure can be viewed at wileyonlinelybrary.com] phenological variables 9 6 months) correlation coefficients did attain statistical significance (females equipped with a geolocator in 2011: correlation between departure date from the wintering area and NDVI in November: À0Á715, P = 0Á030; NDVI in January: À0Á699, P = 0Á049; n = 9). However, the vast majority (81) of the remaining 94 correlations were associated with 'small' (see Cohen 1988 ) effect sizes. Hence, there was no evidence for clear patterns of association between NDVI and phenology or breeding performance in either year.
partial least squares path modelling of year-round carry-over effects
We explored the complex mechanistic links between nonbreeding phenology and wintering ecology on breeding performance by partial least squares path models (PLS-PM) (Sanchez 2013 ) (see Statistical analyses for an overview of PLS-PM). We designed five competing PLS-PMs that differed in their structural and/or outer components (ESM; Fig. S1 ). Goodness-of-fit statistics showed that models 1 and 2 (Fig. 2) fitted the data better than the other models (Table 2) . In both sexes, the 'non-breeding phenology' construct accounted for the information on timing of arrival to and departure from the wintering areas but not of time of departure from the breeding site, while the 'wintering ecology' construct was a reflection of NDVI information, particularly between November and March ( Fig. 2 ; see ESM Table S2 for outer model statistics).
In males, the 'breeding earliness' (model 1) and 'breeding performance' (model 2) constructs mainly reflected the contribution of arrival date at the breeding site, and to smaller extent the indicators of breeding date or fecundity, whereas in females they more consistently reflected all of the indicators of breeding performance, including fecundity (Fig. 2) . Importantly, 'breeding earliness' (model 1) and 'breeding performance' (model 2) were strongly negatively predicted by the 'non-breeding phenology' construct (Table 3) . Because of the sex-dependent composition of the constructs, these results therefore imply that delayed wintering phenology predicted delayed arrival to the breeding site in males while in females it predicted delayed arrival and breeding, and also low seasonal fecundity.
In both sexes, 'wintering ecology' significantly negatively predicted 'breeding earliness' (model 1) ( Fig. 2 ; Table 3 ) while the effect on the 'breeding performance' construct was marginally non-significantly negative (model 2) (Fig. 2, Table 3 ). PLS-PM analyses therefore showed that high NDVI in sub-Saharan Africa during wintering translated into delayed arrival and breeding date, while controlling for the effects of non-breeding phenology, a pattern that was not detected by simple correlation analyses (see above and ESM Table S1 ). Asterisks indicate that the variables were multiplied by À1 so that they represented indexes of earliness. The arrows for the structural models are the path coefficients (see Table 3 ). (a), (c), (e), (g): P < 0Á001; (b): P = 0Á039; (d): P = 0Á047; (f): P = 0Á063; (h): P = 0Á058 (see Table 3 ). The fit parameters for the overall model (GoF) and the structural model (R 2 ) are reported. [Colour figure can be viewed at wileyonlinelibrary.com] PLS-PM for females showed a better overall fit of the data (see GoF values in Fig. 2 ) and also a better fit of the structural model, as demonstrated by R 2 values (Fig. 2) .
Hence, as much as approximately 65-70% of the variance in breeding performance of females was determined by phenological variation in the preceding non-breeding season and, to a smaller extent, by ecological conditions experienced during migration, while the predictive power of non-breeding phenology and wintering ecological conditions on breeding earliness and performance was smaller for males.
Discussion
The timing of the main annual activities, like breeding and migration, can influence subsequent phenological events and performance (Harrison et al. 2011) . Cascading COEs between consecutive activities, and the ecological conditions experienced during these activities can generate variation in annual routines among individuals (Reudink et al. 2009; Sorensen et al. 2009 ). Because the variation in annual routines can translate into individual variation in major fitness traits, unveiling COEs and their variation according to sex is pivotal to our understanding of population processes and dynamics, including the effects of climate change.
Here, we first showed that breeding date of females but not males carried-over into delayed departure from the breeding site and this effect was not mediated by the number of broods per breeding season. No obvious COEs were observed during wintering in both sexes. Both males and females of the long-distance migratory barn swallow faced strong COEs of timing of departure from the subSaharan wintering grounds on arrival to the breeding site in southern Europe. However, temporal COEs of spring migration (departure from the wintering grounds and arrival to the breeding site) on breeding performance (date of onset of breeding and seasonal fecundity) were observed only among females. Thus, we provide compelling evidence for sex-dependent COEs both in the post-breeding period and at the time of spring migration. Proximately, such differential COEs of spring migration on breeding dates between the sexes may arise because females are more invariant in the time that they require to start reproduction after arrival from spring migration, as shown by larger variance in time elapsing between arrival and breeding dates in males compared to females (N. Saino unpubl. data). Ultimately, this may be the case because the duration of the time period required to females in order to undergo the physiological changes associated with termination of spring migration and onset of breeding (Wingfield & Farner 1980 ) is more flexible in males as compared to females. Such sex difference may then reverberate into stronger COEs of migration phenology on seasonal breeding success of females, because arrival date predicts the number of broods per breeding season, which is a major determinant of seasonal breeding success (see Results). Notably, the present results are unlikely to be biased by the effect of deployment of tracking devices, because the main COEs that we documented here in females were consistently observed in different years, when geolocator deployment differed in its effect on breeding phenology and fecundity (see also ESM, T1).
Carry-over effects that are initiated during the wintering period in sub-Saharan Africa may therefore have consequences for major fitness traits. These COEs may be reversible (sensu Senner, Conklin & Piersma 2015) if they are dissipated or reversed during the prosecution of the annual life cycle, as the interruption of the cascade of COEs during autumn migration and wintering suggests. Yet, among females but not males, date of breeding in 1 year significantly predicted date of onset of breeding in the next year. This may suggest that sex-dependent yearround COEs on timing of breeding are not reversible but are not mediated by temporal effects. Rigorous testing for reversibility of COEs and breeding date and fecundity, however, would require the same individuals to be tracked during consecutive annual life cycles, a task which is relatively difficult in short-lived birds like barn swallows.
An alternative interpretation of the observed correlations among phenological and breeding performance traits is that such correlations are the expression of COEs (sensu O'Connor et al. 2014) of environmental conditions experienced during early ontogenetic stages on phenology and breeding performance in adulthood. Birth (hatching) date can have profound consequences on subsequent performance of birds at temperate and boreal latitudes (see Table 2 . Goodness-of-fit statistic of the five partial least squares path models presented in ESM Figure S1 Model Senner, Conklin & Piersma 2015) . This may occur because late hatching date reflects poor parental quality, if a negative covariation between parental phenotypic quality and breeding date exists; because of a general deterioration of ecological conditions with date in seasonally varying environments; or because of non-reversible COEs initiated early in life (Senner, Conklin & Piersma 2015) . In a previous study on the same population where the present study was conducted, however, we showed that hatching date does not predict breeding phenology or seasonal fecundity during the first breeding season (i.e. at c. 1 year of age) (Scandolara et al. 2014b) . Thus, the correlations among phenological and reproduction traits are unlikely to reflect the consequences of COEs of environmental conditions soon after birth on subsequent performance in adulthood.
Yet an alternatively interpretation is that genetic variation in photoperiodic control of phenology, that was previously documented in the same population , may cause consistency in breeding dates across years, as well as positive correlations between phenological events with strong environmental canalization.
While it remains to be tested, the latter interpretation requires that genetic variation in phenology is maintained despite strong negative fecundity selection on late breeding, as reflected by the negative relationship between breeding date and seasonal fecundity. Partial least squares path modelling provided a multivariate perspective on COEs and confirmed that wintering phenology had strong effects on phenology during the breeding season (arrival and breeding date) and seasonal fecundity in females, while controlling for potential effects of ecological conditions experienced during wintering in sub-Saharan Africa.
In addition, in both sexes good ecological conditions during wintering, as reflected by high NDVI, predicted delayed arrival and breeding. This evidence did not emerge from simple correlation analyses, implying that the effect of NDVI on subsequent phenology could be uncovered only after controlling for concomitant effects of wintering phenology. This confirms the utility of PLS-PM in ecological studies. This individual-level pattern of association between NDVI and phenology is opposite to what was previously documented at the population level among years (Saino et al. 2004b) . The interpretation of the mechanism that generates such difference is open to speculation. NDVI declines from October to March in the wintering areas of our study individuals (ESM, T2), suggesting that ecological conditions for barn swallows deteriorate during wintering. Deterioration of conditions during wintering may prompt swallows to leave the wintering area early particularly from the regions with low-NDVI values, causing earlier arrival of swallows wintering in areas with relatively poor conditions. Earlier departure from low-NDVI wintering areas may obviously entail survival costs, although such costs cannot be estimated here because information on wintering conditions can only be acquired for individuals that survived and returned to their breeding site. On the other hand, the association between high NDVI and early arrival date to the breeding site that we observed at the population level between years (Saino et al. 2004b ) may arise because in some years NDVI are consistently larger than in other years throughout the areas where the individual barn swallows from our study population spend their winter. This was shown by high repeatability (R = 0Á500) of NDVI values across wintering areas within year during winter 2008-2009 to winter 2012-2013 , that is, in a 5-year period including that when this study was conducted (ESM, T3). This may suggest that in years when NDVI values are relatively high throughout all the wintering area of the barn swallows, individuals depart from the wintering area and arrive at the breeding site earlier, possibly because good conditions cause earlier completion of plumage moult and/or faster migration (Saino et al. 2004b) . Thus, at the individual level, the positive relationship between NDVI and arrival date that we observed within years (present study) may be caused by earlier departure of individuals wintering in unfavourable, low-NDVI areas. At the population level, the negative relationship between average NDVI at the regional scale and arrival date (Saino et al. 2004b) could be caused by large NDVI values causing earlier average departure and thus arrival dates to the breeding sites.
Carry-over effects are expected to be intense in organisms with tight annual routines like long-distance migrants that have to commute between breeding and wintering areas by means of time-demanding migration journeys (Newton 2008 (Newton , 2011 ; but see Conklin, Battley & Potter 2013; Senner et al. 2014) . In long-distance migrants, the individual-and population-level consequences of COEs may also be particularly intense, because long-distance migrants spend different phases of their circa-annual life cycle in different biomes and may therefore experience divergent selection pressures on phenological traits. Intense COEs may cause changes in phenology in response to selection acting on a particular stage in the circannual cycle to have unbuffered negative consequences on adaptedness of phenology at other stages, reducing the scope for adaptive phenotypic adjustment of phenology. Many species of birds have experienced negative population trends, and those migrating over inter-continental distances have suffered larger population decline (Fuller et al. 1995; BirdLife International 2004; Sanderson et al. 2006; Møller, Rubolini & Lehikoinen 2008) . Negative population trends have been partly attributed to differential phenological response to climate change among species from different trophic levels, leading to uncoupling of phenological events within food chains (Both et al. 2009; Saino et al. 2011 ; but see Dunn & Møller 2014) . Barn swallows are currently delaying reproduction relative to spring phenological events at the breeding grounds, causing a reduction in seasonal breeding output . Barn swallows breeding in Northern Italy have recently declined by ≥50% (Sicurella et al. 2014 ).
The present evidence for intense, sex-specific, COEs provides an individual-level mechanistic interpretation of population decline, as it suggests that female barn swallows are constrained in phenological shifts by COEs. This interpretation is consistent with the observation that male barn swallows have advanced, whereas females have delayed arrival from migration (Møller 2007) .
If generalized also to other species, differential susceptibility of males and females to COEs, which we here documented in the barns swallow, has predictably large, pervasive effects also on major evolutionary processes. Depending on the sex that is more affected, COEs may hinder or, conversely, boost sexual selection by reducing or, respectively, increasing the scope for variation in reproductive success (Møller & Sz ep 2005; Spottiswoode & Saino 2010) , and cause sex-dependent mortality, affecting sex ratio of the population. In addition, the evolution of protandry in species where strong COEs operate on females may be opposed because sexual selection for early arrival of males may be weakened (Møller 2007) .
Hence, our study provides the first individual-level robust evidence in any long-distance migratory animal species that year-round COEs mediated by time act during the tightly scheduled annual life cycle, with potential consequences for population dynamics and evolutionary processes, including response to ongoing climate change.
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